Abstract-In conventional optimal power flow (OPF), parameters of electrical components such as resistance and thermal ratings of the overhead lines, are assumed to be constant despite the fact that they are strongly sensitive to the weather effect (e.g., temperature or wind speed) which influences the accuracy of optimal power flow results. This paper introduces a weather-based optimal power flow (WB-OPF) algorithm with wind farm integration by considering the temperature related resistance and dynamic line rating ( 
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Bus voltage magnitude state variable.
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Reactive power generation control vector.
Heat gain due to resistive line losses.
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Forced convection heat loss.
Radiated heat loss.
I. INTRODUCTION

D
URING the last decade, the installed capacity of wind power generation has been increased tremendously all over the world. These impose significant challenges for the economical operation of power systems with large-scale wind power integration due to the stochastic characteristic of the wind speed. The variable nature of wind speed will introduce changes of not only the wind power generation, but also the parameters of electrical components, such as the resistance and thermal ratings of the overhead lines, as those parameters are strongly related to the weather effects, i.e., ambient temperature, wind speed, et al. [1] , [2] . Change of weather-related parameters would affect the results of economical allocation of system load power between conventional generators and wind power generation. Hence, there is a great need to incorporate the effect, brought about by the wind power integration, into the traditional optimal power flow (OPF) problem.
Variations of actual weather conditions will influence the resistance and thermal ratings of overhead transmission lines, thus affecting the results of power flow and OPF [1] , [2] . For example, the resistance of the power system equipment is a strong function of temperature, and the line thermal rating varies with the weather conditions, such as the wind speed and direction, ambient temperature and solar radiation. However, traditional optimal power flow algorithms neglect the weather effect and treat the resistance and thermal ratings of transmission lines as constant. These negligence will lead to two limitations: (1) some weather-related error is inherent in the OPF results by using the inaccurate resistance value [2] ; (2) normally, the Dynamic (or real-time) thermal Line Rating (DLR) is higher than the static rating most of the time [3] , [4] . Conventional static line rating (SLR) used in the OPF is determined based on the worst-case weather assumption for power system operation, ignoring the stochastic weather impact. The analytical results are generally conservative and expensive [5] .
Normally the steady state analysis such as power flow, optimal power flow and state estimation assumes that the resistance of the overhead lines is constant and the calculation of system admittance is based on constant temperature (usually, the worst-case situation [1] , [4] ). However, the temperature, resistance and losses are interrelated and variable significantly in practice. Without the temperature-related variable part of resistance being considered, significant error in loss estimations could occur, especially under heavy loading conditions [2] . To reduce the temperature-related error in the power flow analysis, Dr. Stephen Frank firstly introduces the temperature dependent power flow algorithm which integrates an estimation of branch temperature and resistance [2] , [7] . In [8] - [10] , a novel optimal power flow (OPF) model is established based on the electro-thermal coordination (ETC) concept to take account of electro-thermal coupling relationship. The work in [11] studies the influence of changes of the transmission line resistance due to temperature on the performance of state estimation. The impact of transmission line temperature variations, resulting from changes of loading and weather conditions, on system dynamic performance is examined in [12] . Although there have been a lot of research published which has focused on the impact of electro-thermal coupling effect on system steady state and dynamic response, the issue of incorporating the weather related condition into the traditional optimal power flow algorithm with wind farm integration has not been sufficiently addressed so far.
One of the key challenges faced during the integration of wind power into the grid is the spillage of wind energy due to the transmission constraints [13] . Many techniques have been introduced to minimize the spillage of wind power by using the FACTS technology [14] and energy storage devices [15] , which, however, are often costly. The technology of Dynamic Line Rating (DLR) has attracted a lot of attention from the academic and industry, especially for maximizing the utilization of wind power [17] . Experience has shown that an average of 20-50% extra wind generation in favorable locations can be safely delivered by using the DLR technique [3] , [4] .
Traditionally, the overhead line ratings are static, being determined based on the standards associated with the maximum permissible conductor temperature, conductor dip (sag), and load capacity of transformers and protection relays. Overhead line ratings are regulated by the maximum allowable temperature in power lines, assuming that weather-related parameters are given under the worst condition to avoid the excessive sag or long-term annealing of the conductors. The impact of the DLR on power systems based on the load flow model is presented in [16] . The authors of [17] - [19] have studied the potential application of the DLR to facilitate the wind power integration. The benefits of adopting the DLR technique for the grid integration of renewable energy sources (wind or photovoltaic) are investigated in [20] . Results show that an increasing of 66.7% renewable generation can be dispatched compared to the SLR case. In addition, the curtailment of wind and PV power can be significantly reduced by using the DLR technique. Other industrial application projects using the DLR technique for wind farms connection are demonstrated in [4] , [18] . In [5] , a new general DLR calculation model is proposed and based on this, an economic optimization simulation model regarding wind power integration is developed. In the real world, the capacity of overhead lines is not static. It is a complex function of ambient temperature, solar radiation, local wind and actual current et al. [6] . Traditional OPF has not exploited the full capabilities of existing overhead lines which would result in higher operational costs of power systems. To accurately examine the weather (mainly temperature, wind and solar radiation) related effect, a weather-dependent optimal power flow technique to take account of the estimation of weather factors in the wind power integrated OPF formulation needs to be developed urgently.
This paper presents a novel way to treat the weather-dependent optimal power flow algorithm with wind farm integration which considers the temperature related resistance and the dynamic line rating (DLR) of overhead lines. A resistance-weather relationship and calculating model of the DLR for overhead lines are presented in Section II of the paper. The weatherbased optimal power flow model with wind farm integration is proposed in Section III. A Primal-Dual Interior Point (PDIP) method is used to solve the WB-OPF problem. Numerical solutions of two case studies are demonstrated and discussed in Section IV. Finally, conclusions are drawn in Section V of the paper. Fig. 1 illustrates the thermal balance model of the overhead lines. The resistance of bare overhead conductors is a function of the ambient weather conditions according to the following steady state thermal balance equation [21] :
II. WEATHER-DEPENDENT MODELING OF OVERHEAD LINES
A. Resistance-Weather Relationship of Bare Overhead Conductors 1) Thermal Balance Equation of Overhead Lines:
The solar heat gain can be formulated as [21] (2) The radiated heat loss is a nonlinear function of the conductor temperature:
Forced convection heat loss can be written as (4) where is related to the wind speed and wind direction. The equations of , are given in Appendix A. Using (3), (4) and [2] , (1) can be rewritten as the following nonlinear equation:
The resistance of metallic conductors varies with the conductor temperature according to (6) Fig. 2 represents the impact of the variation of the ambient temperature and wind speed on the conductor temperature. It shows that the wind speed, by changing the coefficient of in (4), is of almost linear relationship with the conductor temperature.
B. Calculation Modeling of Dynamic Line Rating (DLR)
In practice, the transmission line rating varies with: 1) current flowing in the conductor; 2) the conductor size and resistance; 3) the ambient weather conditions (temperature, wind speed and direction, solar radiation). A simple way to calculate the static line rating is based on the thermal balance (1), which can be formulated as [21] (the calculation process is given in Appendix A.) (7) Fig. 3 . Dynamic current rating versus wind speed and ambient temperature.
The dynamic line rating (DLR) can be computed by using a variety of methods such as conductor sag and tension monitoring, physical modeling and prediction techniques [5] . The simplified calculating model of the DLR is based on the capacity ratio between the DLR and the SLR, which is given as [5] : (8) Temperature and wind speed are the parameters that affect the value of the DLR significantly, and represent the impact ratios of the wind speed and temperature on the DLR, respectively. The equations of and are given in Appendix A. Fig. 3 presents the variation of dynamic line rating with the wind speed and ambient temperature based on (8) . It shows that the current rating can be significantly affected by the ambient temperature and wind speed. With the increase of wind speed and lower ambient temperature, the line rating will increase dramatically. The relationship between the wind speed and the line rating provides valuable correlation. As the higher wind speed gives both the higher wind power production and line rating simultaneously, more wind powers can be transferred by using the model of dynamic line rating.
III. FORMULATION OF THE WEATHER-BASED OPF PROBLEM WITH WIND FARMS INTEGRATION
A. Weather-Based OPF Formulation
To incorporate the weather condition into the traditional OPF problem with wind farm integrated, the following modifications should be made:
1) the addition of branch temperatures to the vectors of system state variables; 2) the construction of a set of mismatch equations for thermal balance equations of overhead lines; 3) the incorporation of dynamic line rating model in the transmission line constraints; 4) the addition of wind generation costs to the objective functions; 5) the model of interdependence of temperature and other system state variables via an augmented Jacobian and Hession matrix. Mathematically, the OPF can be stated as the following constrained nonlinear optimization problem [25] : (9) (10)
B. Wind Generation Cost Model
The uncertainty characteristic of wind speed follows a Weibull distribution over time [26] . However, in practice, the scheduling of wind power is firstly based on the forecasting value of wind power. Therefore, the optimal schedule of wind farms output are highly dependent on the accuracy of wind power forecast techniques used. Currently forecasting error from the day-ahead point prediction technique can be as high as 25%~40% [14] . Hence it is necessary to include the forecasting uncertainty into the objective cost function of the OPF model.
The actual available wind power generation is a random variable which can hardly be predicted accurately. The probability density function (PDF) of (or ) is a conditional probability function with respect to the forecasting value [15] . Fig. 5 shows the distribution of wind power output for a forecasting value over the range [0.20, 0.24] by using the versatile probability distribution model in [15] .
The integration of wind farms will introduce two types of generation costs: 1) wind spillage opportunity costs (green area in Fig. 5 ). Although there is no fuel costs for wind energy, the construction and operation of wind farms introduce the initial investment and the maintenance costs, no matter whether the wind power is scheduled or not [16] . Thus wind power spillage, which refers to the amount of the unused wind power production ( ), will add extra opportunity costs to the objective function; 2) Reserve costs (red area in Fig. 5 ). When is larger than , it will bring with extra reserve costs. Thus the wind generation costs can be defined as (11) However, the available wind power is a random variable which can hardly be predicted accurately. One of the solutions is to calculate the expected wind generation costs [23] . It can be given as the probabilistic underestimation and overestimation costs in the form of expectation values [26] , which can be obtained as: (12) where (13)
C. Objective Function With Wind Generation
Main goal of the WB-OPF model with wind farms integrated is to minimize the generation costs of the whole grid, meanwhile, to reduce the opportunity costs and reserve costs of the wind power. Hence the objective function can be written as (14) where is the expected wind generation costs defined in (12) . The existence of depends on the ownership of the wind power generators. If they are owned by the system operator, this term may not even exist if it accounts only for the incremental fuel costs. However, if the system operator is paying for the wind power from the owner of the wind farms, a direct costs will be involved.
is the generation costs of the traditional generators defined in (15) . (15) It should be noted that the quantification of the wind generation cost is a complex process. Wind energy as a clean and environment-friendly power source will bring social benefits, which are not included in the present analysis.
D. Equality and Inequality Constraints
The equality constraints of the WB-OPF include the conventional power flow mismatch equations and electro-thermal coupling constrains which can be formulated as follows: (16) (17) For a branch element -, the complex power flow is (18) (19) (20) The real power loss of the branch -is derived from (18), (19) and (20): (21) By substituting (21) into (5), the electro-thermal coupling equality constrain is derived to be (22) (23) (24) (25) (26) (27) The state variables of the WB-OPF are . The primal-dual interior point (PDIP) algorithm called MIPS in MATPOWER [25] can be adopted to solve this non-linear and nonconvex optimization problem. To include the temperature related components in the WB-OPF algorithm, the Jacobian and Hessian matrices in the MIPS need to be modified accordingly. Modification of the Jacobian and Hessian matrix is to add one state variable (temperature ) per overhear line, one set of equality constraint ( (22)) and one set of inequality constraint ( (26)). 
IV. CASE STUDIES
In this section, the WB-OPF algorithm is verified by use of a modified IEEE 9 node system and the New England transmission grid which are available in the MATPOWER [25] . The test systems have 9 and 46 branches respectively, however lossless branches (those with zero resistance) are excluded as they are not weather related. All tests have been performed on a PC Intel Core i5-3470, 3.2-GHz, 4.00 GB RAM.
To facilitate the algorithm stability and speed convergence, the WB-OPF algorithm is initialized from a temperature dependent power flow (TD-PF) solution. The TD-PF algorithm proposed in [2] is adopted to calculate the initial value of voltage magnitude, angle and overhead line temperature in the WB-OPF.
A. Modified IEEEe 9 Node System Integrated With a Wind Farm 1) Weather Based Optimal Power Flow Results:
Configuration of the modified IEEE 9 bus system is shown in Fig. 6 . All conductors are considered as the hard-drawn aluminum with temperature coefficient of 0.3951 [21] and all conductors are initialized at a uniform ambient temperature. The maximum branch flow limit is set to be 100 MVA (the line rating is set to be static in order to compare the results between the OPF and WB-OPF).
To allow the comparison with the traditional OPF problem, all the generators are assumed as thermal power generators and the generation cost coefficients are set as same as that given in the OPF in the MATPOWER [25] . The primal-dual interior point (PDIP) method [25] is used to solve the WB-OPF problem and the algorithm converged successfully for all the test cases. Table I shows the results of the impact of temperature estimation on the total system generation costs and branch losses (wind speed is set to be constant 6 m/s and ambient temperature is 5 ). It can be seen that the inclusion of weather effect influences the estimation of the total system losses and reduces the generation costs by 1% -2%. The detailed branch flow, resistance and loss data for the modified IEEE 9 bus system are given in Table II . The difference in the calculated conductor temperature is the most pronounced for the heavily loaded lines, for example, line 5-6 with 36.61% loading. The maximum increase in an individual branch resistance is 7.48% for line 9-4.
Figs. 7 and 8 display the relationship between generation costs, total system losses and ambient temperature/wind speed, respectively. The system losses and generation costs increase in proportion to the ambient temperature, and decrease when more wind power is injected into the grid. Higher ambient temperature and lower wind speed will lead to the increase of branch resistance according to (1) and (6) . Hence the system losses and generation costs have increased as shown in Figs. 7 and 8 .
2) The WB-OPF With Wind Farm Integration: To examine the impact of wind farm integration, conventional generator G1 is replaced by a wind farm (WF1). Parameters of the wind farm are shown in Table VI in Appendix B. The cost coefficient of wind generated electricity is obtained from (13) to be 40 $/MWh and the reserve cost coefficient is set to be 3 $/MWh according to [23] . Fig. 9 shows the versatile PDF of wind power output and the variations of wind generation costs calculated by (12) with different scheduled wind power for forecasting value, 0.21, 0.53 and 0.82 respectively. It is found that the point of minimum wind generation cost is very close to the forecasted value. Table III shows the WB-OPF results with different wind power forecasting value. With the increase of wind forecasting value, the WB-OPF solution schedules more power from wind plant at WF 1. The generation costs of wind power are comparatively lower than that of thermal generators. Hence the total generation costs substantially decreased by 73.3% with the increased scheduling of wind power.
Comparison results with and without the dynamic line rating are presented in Fig. 10 . The dynamic line rating of overhead line 4-5 in IEEE 9 bus system (black solid line) is increasing with the wind speed. Simulation results show that the DLR technique can help increase the transfer limits of overhead lines by approximately 50%. It can decrease the generation costs (black line shadow saving area) by 69.8% and reduce the wind power spillage (red line shadow area) by 35% which can maximize the utilization of green energy.
B. New England 39 Bus Test System
The modified New England 39 bus system is used to test the proposed algorithm. This system has 10 units, 46 branches and 39 buses. The conventional generators G1, G2, G3 are replaced by three wind farms (WF1, WF2, and WF3).
The primal-dual interior point (PDIP) method [25] was used to solve the WB-OPF problem and the algorithm converged successfully. The computation results of the OPF, WB-OPF and TD-PF [2] are compared in Tables IV and V. It can be seen that the inclusion of weather effect could change the estimation of total system losses, generation costs and improve the estimating accuracy of the branch resistances and losses.
C. Practical Implement Considerations
Implementation of the WB-OPF algorithm in practice needs that the weather conditions such as wind speed, ambient temperature and solar radiation throughout the power grid can be obtained through the sensors in real-time operation or be predicted by weather forecasting model in day ahead [2] .
The proposed method is a centralized WB-OPF algorithm. Hence the high-speed communication technology will be a big issue that may counteract its real-time application. However, communication technology has developed at an astonishing fast rate which will make the wide-area communication system Moreover, future research would explore alternative efficient techniques, such as the global optimization solution algorithm (e.g., semidefinite programming (SDP) [27] ) or the decomposition technique, to further improve the computational performance of the WB-OPF.
V. CONCLUSION
Traditional computation of optimal power flow neglects the electro-thermal coupling of overhead lines. The paper proposes (1) The WB-OPF algorithm can improve the estimating accuracy of branch resistances and losses compared with the traditional OPF. Furthermore, it can potentially reduce the total generation costs. (2) The WB-OPF by using Dynamic Line Rating (DLR) helps the management and optimization of power generation according to the actual dynamic or real-time thermal rating of the overhead lines by taking account of the weather conditions. (3) The DLR technique can maximize the usable capacity of overhead line assets significantly to avoid upgrading or replacing existing transmission lines (saving significant capital investment) and can potentially reduce the wind power spillage.
APPENDIX A
The Equations of and : The equations of radiation and convective radiation heat transfer coefficients are:
(28) (29) where is a term that accounts for the angle between the wind direction Thus, the standard line current capacity of bare overhead conductors can be obtained as (31) Using (2), (3) and (4) Table VI. 
